Active coping is an adaptive stress response that improves outcomes in medical and neuropsychiatric diseases. To date, most research into coping style has focused on neurotransmitter activity and little is known about the intrinsic excitability of neurons in the associated brain regions that facilitate coping. Previous studies have shown that HCN channels regulate neuronal excitability in pyramidal cells and that HCN channel current (I h ) in the CA1 area increases with chronic mild stress. Reduction of I h in the CA1 area leads to antidepressant-like behavior, and this region has been implicated in the regulation of coping style. We hypothesized that the antidepressant-like behavior achieved with CA1 knockdown of I h is accompanied by increases in active coping. In this report, we found that global loss of TRIP8b, a necessary subunit for proper HCN channel localization in pyramidal cells, led to active coping behavior in numerous assays specific to coping style. We next employed a viral strategy using a dominant negative TRIP8b isoform to alter coping behavior by reducing HCN channel expression. This approach led to a robust reduction in I h in CA1 pyramidal neurons and an increase in active coping. Together, these results establish that changes in HCN channel function in CA1 influences coping style.
By 2030, major depressive disorder (MDD) will be 1 of 3 leading causes of disease burden worldwide, with a lifetime incidence of 10-15% (Weissman Mm 1996; Kessler Rc 2005; Mathers and Loncar 2006; Briley and L epine 2011) and a tremendous economic impact [reviewed in Briley and L epine 2011] . There is increasing interest in abnormal connectivity within cortico-limbic circuitry in MDD as well as the morphological, molecular, and electrophysiological changes underlying these circuit dysfunctions (Duman and Monteggia 2006; Krishnan and Nestler 2008; Arnone et al. 2012; Duman and Aghajanian 2012) . Of these changes, molecular regulators of neuronal excitability are likely to influence MDD.
One important regulator of neuronal activity is the hyperpolarization-activated cyclic nucleotide-gated (HCN) channel (Hu et al. 2002; Fan et al. 2005; Brager and Johnston 2007; Johnston 2007, 2008) . HCN channels mediate a nonspecific cationic current (I h ) that is active at the resting membrane potential in CA1 pyramidal neurons. Because of its effect on membrane resistance, I h is critical for controlling neuronal excitability and regulating synaptic inputs (Nolan et al. 2003 (Nolan et al. , 2004 (Nolan et al. , 2007 Schaefer et al. 2006; Narayanan and Johnston 2007; Marcelin et al. 2012) . Furthermore, HCN channels are expressed at significantly higher levels in the distal dendrites of CA1 pyramidal neurons where they play a crucial role in regulating temporal summation (Magee 1998; Lewis et al. 2011) . This distribution of HCN channels is regulated by an auxiliary subunit, tetratricopeptide repeat-containing Rab8b-interacting protein (TRIP8b), and loss of this localizing protein ablates HCN channel distal dendritic enrichment and reduces HCN channel surface expression (L€ orincz et al. 2002; Lewis et al. 2011) .
Recently, we and others have shown that knock-out of the major pore-forming HCN channel subunits (HCN1 or HCN2) or TRIP8b leads to an antidepressant-like phenotype in mice on the forced swim test (FST) and Tail Suspension Test (TST) (Lewis et al. 2011; Kim et al. 2012; Han et al. 2017 ). Kim and colleagues (Kim et al. 2017) showed that HCN1 in CA1 is increased with chronic mild stress and that shRNA knockdown of HCN1 in CA1 leads to a reduction in anhedonia-like behavior and an increase in antidepressantlike behavior. Importantly, we have demonstrated that specific loss of distal dendritic HCN improves performance on both the FST and TST and that rescue of this enrichment specifically in CA1 region is sufficient to reverse this antidepressant-like phenotype .
Although previous studies have emphasized individual differences in susceptibility and resilience to developing pathological behaviors under chronic stress (i.e. depressionlike behaviors) (Russo et al. 2012) , fewer studies have examined how individual animals adapt and respond to acute stressors. An individual's tendency towards certain responses to acute stress is often described as coping style, and two overarching categories are often described in both the human and rodent literature: active and passive coping (Southwick et al. 2005; Koolhaas et al. 2010) . In rodents, active coping behaviors are thought to be reflected in the ability of the rodent to reduce the impact of acute stressors through directly addressing them. One example of this is a rodent's tendency to reduce the stressfulness of an electrified probe by actively burying as opposed to passively avoiding it (De Boer and Koolhaas 2003; Koolhaas et al. 2010) . Importantly, patients with strong active coping tendencies show resistance to psychiatric illness and more favorable outcomes during treatment of chronic illnesses of all types, and studies have shown that active coping behaviors in rodents are correlated with decreased depression-like behaviors after chronic stress (Wood et al. 2010; Vidal et al. 2011) .
We hypothesized that loss of I h in CA1 could lead to antidepressant-like changes as a component of a broader active coping phenotype. To test this, we subjected Trip8b +/+ and Trip8b À/À mice to a number of coping assays, including the Two-Way Active Avoidance Test (2w-AA), the Resident-Intruder Test (RIT), Shock Probe Burying Test (SPBT), and the Repeated forced swim test (rFST). To target HCN channels in CA1 more specifically, we used a viral approach to reduce I h in wild-type mice through expression of a dominant negative TRIP8b isoform in CA1.
Materials and methods

Animals
Global Trip8b À/À mice creation and genotyping have been previously described (Lewis et al. 2011 
Virus
The DNA plasmid for pAAV-hsynapsin-Cre-IRES-eGFP was kindly provided by Dr Pavel Osten (Cold Spring Harbor Laboratory), as in our previous report . The TRIP8b(1b-2) isoform was then subcloned into this vector, and AAV serotype 2/8 vectors were produced by the Gene Therapy Program of the University of Pennsylvania.
Stereotaxic viral injection
Injection of viral vectors were done as previously described . Briefly, mice were anesthetized with inhalational isoflurane and mounted on a stereotaxic instrument (Stoelting, Wood Dale, IL, USA). A midline incision was made at the scalp, and a small craniotomy was performed with a dental drill. One microliter of 3 9 10 12 vector genome (vg)/mL of AAV was injected into the dorsal CA1 (2.3 mm A/P, AE1.3 mm M/L, À1.7 D/V) of C57BL/6J mice at a rate of 0.3 lL/min via a 5 lL Hamilton syringe. After the injection, the needle was left in place for 5 min to allow the virus to diffuse before removing the needle at a rate of 1 mm/min. A minimum of 4 weeks was allowed to pass between injection and experimentation in order for maximal viral expression. For a detailed description of the extent of viral spread, please see our previous report where identical conditions and techniques were used .
Behavioral testing
Before each behavioral task, the mice were acclimated to the behavioral testing room for at least 1 h. All tests were performed in an isolated room under quiet conditions, and all behavioral experiments took place during the light phase of the light:dark cycle. For experiments with multiple trials over many days, each trial occurred within 2 h of the same time each day. For serial behavioral tasks, at least 4 days were allowed for the mice to recover before the next test. All behavioral testing apparatuses were cleaned with 70% ethanol between trials. All experimenters were blind to the subjects' groups during testing and analysis; a technician who was not otherwise involved in the experiments randomized (simple randomization) subjects before testing. Behavioral tests using these parameters are described below and include the Open Field Test, Zero Maze, Morris Water Maze, Two-Way Active Avoidance, Resident Intruder Test, Shock Probe Burying Test, and repeated FST.
Open field test (OFT)
The open field test was performed as previously described . Briefly, each mouse was placed in a 60 cm plastic arena with white light illuminating the center of the arena. Mice were allowed to explore the arena for 10 min, and the time spent in the center and periphery of the arena as well as total distance traveled were recorded with overhead cameras and analyzed with Limelight 4.0 software (Coulbourne).
Zero maze (ZM)
Each mouse was placed in a circular apparatus with four quadrants containing two closed and two open arms that alternated. The mouse was placed in the closed arms, the time spent in each arm was recorded for 5 min with an overhead camera, and behavior was analyzed with Limelight 4.0 software. If a mouse leapt from the zero maze, the mouse was not included in the later analysis.
Morris water maze (MWM)
The Morris water maze (MWM) was done similarly to our previous publication (Lewis et al. 2011) , with minor deviations. The MWM consisted of tests in three phases: 4 days of visible platform training, 5 days of hidden platform training, and a probe trial which occurred before the hidden platform trials on the last 3 days of hidden platform testing (3 trials total over 3 days). The MWM consisted of a 120 cm diameter circular pool filled with 24°C AE 1°C water that was made opaque with white, non-toxic paint. Around the arena, different shaped cues corresponding to the four cardinal directions were prominently displayed during the hidden platform and probe trials. Each day of training consisted of four trials per mouse per day with > 60s inter-trial intervals. Probe trials were single trials when performed. Mice were placed in one of four starting locations facing the pool wall and allowed to swim freely until finding a 10 9 10 cm platform submerged in water by~1 cm (hidden and probe) with a cutoff of 60 s. During the visible platform trials, the platform had four 1 cc syringes on the corner of the platform and was just at water level. If the mouse failed to find the platform within 60 s, the experimenter guided the mouse to the platform location. For each trial, the mouse was allowed to remain on the platform for 20s before the experimenter returned the mouse to its homecage. All behavior was tracked with overhead cameras and analysis was done using Actimetrics Water Maze. Average latency to reach the platform and distance traveled to the platform were the final endpoints for the hidden trials while average time spent in each quadrant represented the final endpoint for the probe trial.
Two-Way Active Avoidance (2w-AA) The mice were tested in a two-way shuttle-box (Habitest; Coulbourne) equipped with an electrified grid floor and infrared sensors in each chamber. The 2w-AA consisted of five trials, each occurring daily, with each trial containing 30 active avoidance challenges per subject. The set-up for each trial was as follows: The arena was dimly lit, and the mouse was placed on the same side of the arena each day with the guillotine door open, allowing for free exploration. Each mouse was given 3 min to acclimate and explore the arena before the guillotine door closed, and the first challenge began. Each challenge began with the guillotine door raising and presentation of a 4 kHz tone (65 dB) and a 15W cue light on both sides of the arena. If the mouse transitioned to the adjacent chamber within 8s, the challenge was counted as an 'Avoidance', and the tone and cue light turned off, followed by an inter-trial interval (ITI) of 20-40 s with the guillotine door closed. If the mouse failed to move within 8 s of the cue onset, a 0.3 mA scrambled shock was delivered for 5 s. If the mouse transitioned to the adjacent chamber within this time, the trial was counted as an 'Escape', and the tone and cue turned off, followed by the ITI. If the mouse failed to move within 5 s, the cue and shock were both stopped, and the trial was counted as a 'Failure'. An ITI began before the next trial. The average counts of 'Avoidance' were the main endpoints for this assay, as 'Failures' were exceedingly rare.
Active coping index (ACI)
Three behavioral tasks to specifically assess active coping (Koolhaas et al. 2010) were administered to a single cohort of mice. These three tests are rarely or never used to describe depression-like behavior, specifically. The tests went in increasing order of stressfulness, starting with the Resident Intruder Test (RIT), Shock Probe Burying Test (SPBT), and rFST. Two weeks before testing, each mouse was housed individually and allowed to acclimate to their surroundings. At 1 week before testing, a wild-type female mouse was added to reduce the effects of isolation stress. This housing paradigm ensured sufficient territoriality of the subjects for the RIT and was maintained throughout the three assays.
Resident intruder test
The RIT was performed similar to previous publications (Koolhaas et al. 2013) . Briefly, at 15 min prior to testing, the female was removed, and a clear plexiglass cage top replaced the normal food hopper to allow for clear visualization of the mice by a video recorder placed overhead. A 10 min trial began when a 6-to 8-week-old male intruder was placed in the cage, and the resultant behavior was recorded. After the trial, the intruder was removed, food hopper replaced, and female put back in the cage. Videos were documented for numerous behaviors: Aggressive Behaviors (Lateral Threat, Upright, Clinch/Bite, Keep Down, Chase), Social Behaviors (Social Exploration, Ano-Genital Sniff, Social Grooming, Mounting), Exploratory Behaviors (Sniffing, Rearing, Cage Exploration), Defensive/Submissive Behaviors (Being Groomed, Fleeing, On Back, Submissive Freeze, Defensive Sideways, Defensive Upright) and other (Inactivity/Resting, Grooming, Digging). Aggressive behavior and attack latency were the main endpoints of this assay (averaged over daily trials for 3 days).
Shock probe burying task
The SPBT was performed similar to previous publications (Degroot and Nomikos 2004) . Briefly, all trials took place in a 13 9 11 9 17 cm plexiglass arena with about 3 cm of standard cage bedding (clean wood shavings). The arena was placed in an isolation cubicle (Coulbourne), and behavior was monitored by overhead video camera remotely. A three-trial test was administered to each mouse over 3 days. During the first day, the mouse underwent an Acclimation Trial of 15 min, where they were placed in the arena without a shock probe and could explore freely. The second day, an Acquisition Trial was administered, where the subject was placed in the arena with a shock probe (4 cm 9 1 cm cylinder; 0.5 mA). The probe was controlled manually by the experimenter and remained off unless the experimenter pushed a trigger. The probe was only electrified when the mouse made clear contact with the probe. The mouse explored the arena until it touched the probe with both paws and then was given its first shock. The resultant behavior was documented for the next 15 min of the trial, and the mouse was then returned to its homecage. There was no difference in the number of shocks received between groups (data not shown). On the third day, a Recall Trial was administered, where the subject was placed in the SPBT chamber with the shock probe, but it was never electrified. The mouse's behavior was documented for 15 min from the moment it entered the arena. Behaviors observed included burying, immobility (no ambulation with only occasional side to side, scanning movements of the head), ambulation, prod exploration (snout pointed towards the probe and sniffing), grooming, and rearing. The times spent burying and immobile as well as the latency to bury were the major endpoints for this assay during the Acquisition and Recall Trials. A 'Change in Response' value was computed to determine if the mice showed differences in memory between the Acquisition and Recall Trial. The Change in Response was calculated by subtracting the total time spent freezing and burying in the Recall Trial from the total amount of time freezing and burying in the Acquisition Trial and dividing by the total time spent freezing and burying in the Acquisition Trial to get a ratio of the difference between trials normalized to the original amount of freezing and burying in the original trial.
Repeated forced swim test
The rFST was performed similar to previous publications (Boucher et al. 2011) . Briefly, each trial consisted of a 6 min immersion in a 4L beaker of tap water at a temperature of 24 AE 1°C, and a daily trial was administered for 3 days. An observer recorded the amount of time the mouse remained immobile (no purposeful movements other than those necessary to remain afloat) during each trial during two time periods: the first 2 min and the last 4 min. For the 'classical' FST measurements, the last 4 min of the first trial were scored for total time spent immobile. For the rFST, the full 6 min of each trial were scored over all three trials, and the average time spent immobile across trials was the main endpoint of this assay.
Z-score normalization A large source of irreproducibility within behavioral neuroscience likely comes from the use of a Single Point In Time assay (SPIT). In addition to needing more subjects to uncover significant findings, SPIT is more susceptible to being influenced by unforeseen environmental factors and random chance. The z-score normalization method is used to reduce variability among many similar behavioral assays to get a more accurate account of a single behavioral domain. Similar to the Research Domain Criteria (RDoC) introduced by the NIMH, this method aims to better describe how individual performances on multiple, similar behavioral tasks that constitute overall behavior in a single domain -in this case, active coping (Insel et al. 2010; Casey et al. 2013) . In addition, assays with multiple endpoints that measure different aspects of a particular behavior can be averaged together to give a z-score for the assay, such as was done for attack latency and time spent in offensive aggression for the RIT. In order to achieve an 'index' for active coping, each individual assay's endpoints were converted into a z-score based on the normal distribution of the wildtype population. In essence, this converts all the data within an assay into a single value with a single 'unit' of measurement based on the relative performance of each individual to the average performance of the control group. This not only greatly reduces individual test variability but also reveals a more rigorously defined assessment of how an individual mouse tends to behave. The following formula was used to compute z-scores:
where x subject = individual endpoint value, l control = control population average and r control = standard deviation. Control refers to either the Trip8b +/+ or AAV-GFP populations.
To prevent weighting one assay more than another, multiple endpoints within the same assay were first z-score normalized and then averaged together, yielding a single composite z-score per assay. To make sure all z-scores were consistent, each endpoint's z-score was normalized so that a score > 0 depicted a tendency towards more active coping and a score < 0 depicted a tendency towards more passive coping. For instance, as a low latency for aggression is indicative of increased active coping, and the untransformed z-score for aggression demonstrates that negative scores had the lowest latencies (i.e. most aggression), the sign was flipped for this endpoint before the average for the assay was taken. A description of the combined endpoints within each assay to create the assay-specific indices are as follows: The Aggression Index consisted of average attack latency and average % time of offensive aggression. The SPBT Index consisted of the % time burying, % time freezing, and the latency to bury from both the Acquisition and Recall Trials (6 endpoints in total). The rFST index was solely comprised of the average immobility times across the three trials. The final active coping index (ACI) was then derived from the average of the assay indices.
Electron microscopy
The distribution of HCN1 channel protein was examined using serial section, pre-embedding, silver-intensified, ultra-small immunogold electron microscopy as described previously (PESIU-SIGEM; L€ orincz et al. 2002; Dougherty et al., 2013) . Briefly, mice receiving AAV-GFP injections or injections of AAV-(1b-2) were perfused with (25°C +/À 1°C) 0.9% saline, followed by acidic sodium acetate-buffered 2% paraformaldehyde/1% glutaraldehyde (pH = 6.0), then basic sodium borate-buffered 2% paraformaldehyde/1% glutaraldehyde (pH = 9.0). Slices were taken of the dorsal hippocampus, rinsed in Tris-buffered saline (TBS), exposed to 1% NaBH4, rinsed in TBS, blocked, and then incubated in lab-generated anti-HCN1 antibody (Shin et al., 2008) . After rinsing in TBS, slices were blocked again and incubated in ultrasmall immunogold particles (Aurion, Electron Microscopy Sciences), followed by rinsing in TBS, fixation of immunogold particles in 2% glutaraldehyde in phosphate-buffered saline, silver enhancement using the R-Gent SE-EM Enhancement Kit (Aurion), then osmication, and curing in Araldite 502. Polymerized slivers of CA1 were then dissected from slices, re-embedded, and rotated orthogonally to the plane of sectioning. Arrays of serial ultrathin sections (65 nm, as estimated using Small's Method of Minimal Folds) were then collected using a Leica UC6 ultramicrotome and a diamond knife, followed by counter-staining in 5% aqueous uranyl acetate and Reynold's lead citrate. Images were obtained at 75009 or 10 0009 magnification using a JEOL 1200EX transmission electron microscope or a Sigma HD VP scanning electron microscope in scanning-transmission (STEM) mode (Zeiss), respectively.
Statistics
All statistical calculations were performed using GraphPad 6 and MATLAB. All behavioral data that followed a normal distribution had outliers removed if they were > 2 standard deviations away from the population mean to avoid Type II errors (Peña et al. 2017) . For pairwise comparisons, a two-tailed student's t-test was performed. For comparisons with two factors, a two-way ANOVA was used, and a Repeated Measures ANOVA was implemented when one of the factors was within subject (i.e. trials). Sidhak's post hoc test was used as needed for pairwise comparisons following significant ANOVA results. Sample sizes were estimated based on results from previous publications or through power analysis based on preliminary cohort data with a power of 80% to achieve a 1SD difference at a = 0.05. The number of biological replicates per group are expressed as n-values in the captions for each figure. Significance was denoted with an asterisk, representing a p-value < 0.05, and all values were reported as mean AE SEM.
Please see supplementary material for additional methods.
Results
Trip8b
À/À mice show increased active coping in the TwoWay Active Avoidance Test (2w-AA) Loss of HCN channel distal dendritic enrichment through elimination or suppression of endogenous TRIP8b expression has been shown to increase antidepressant-like behavior in rodents (Lewis et al. 2011; Han et al. 2017) . To determine whether loss of this distal dendritic enrichment affects active coping, we subjected Trip8b À/À mice and Trip8b +/+ to 2w-AA, a well-validated test of active coping. In this test, mice are placed in a two-chambered shock arena with a door allowing shuttling between the two chambers. During an AA trial, the door lifts and a light and tone cue are presented, encouraging the mouse to shuttle to the other chamber. If the mouse fails to move, a low-intensity shock is delivered. Mice that are naturally more active copers will show more avoidances to the cue than passive copers, which refrain from moving until the shock is administered (Koolhaas et al. 2010) . Consistent with our hypothesis, we found that Trip8b À/À mice showed more avoidances on the first day of testing than their Trip8b +/+ counterparts ( Fig. 1a and b ). In addition, we observed that both Trip8b À/À and Trip8b +/+ mice were able to learn to increase their avoidances over the following days of the trial, ultimately leading to > 90% successful avoidance rate in both groups. This suggests that while Trip8b À/À mice show an inherently increased propensity for active coping, both groups are able to successfully learn to cope actively. (Koolhaas et al. 2010) . In order to further phenotype the Trip8b À/À mice and avoid erroneous conclusions based on SPIT assays, we administered these assays to a naive cohort of Trip8b +/+ and Trip8b À/À mice in sequential order from least to most stressful: RIT, SPBT, and then rFST (Fig. 1c) . In order to reduce ambiguity between multiple endpoints of coping within each assay, all of the salient endpoints were converted into a z-score based on the normal distribution of the Trip8b +/+ behavior (detailed description of analysis in methods) to give an 'Index' for each assay (Guilloux et al. 2011) .
Over three daily trials in the RIT, Trip8b À/À mice showed shorter attack latencies, increased time spent in offensive aggressive behavior, and an overall higher Aggression Index score ( Fig. 1d ; Figure S1 ). Importantly, neither Trip8b +/+ nor Trip8b À/À mice showed signs of 'violent aggression,' as there were no signs of excessive wounding, and rare wounding was mainly on the rump and restricted from sensitive areas (face, neck, genitals, etc.). A full description of behaviors during this test is available in the supplementary materials (Table S1 ). The week following RIT, Trip8b +/+ and Trip8b À/À mice were tested on the SPBT, where Trip8b À/À mice displayed less freezing, more burying, and a shorter latency to bury in the Acquisition Trial but no significant changes in the Recall Trial compared with Trip8b +/+ mice ( Figure S2 , Table S2 ). An 'SBPT Index' for each trial was again compiled using z-score normalization ( Figure S2) , and a composite SPBT Index achieved through the average of both trials confirmed that Trip8b À/À mice demonstrated more active coping behavior overall in the SPBT (Fig. 1e) . A 'Change in Response' ratio was computed as the difference between the total time spent burying and freezing in the Acquisition and Recall Trial divided by the total time spent burying and freezing in the Acquisition Trial and demonstrated that both groups had similar changes in responses to the environment between trials, suggesting that differences in memory were not responsible for the differences in behavior ( Figure S2 ). Lastly, the rFST was administered to both groups 1 week following the SPBT. Similar to the classic FST, mice were placed in water for 6 min, and their total time spent immobile was recorded. However, this FST procedure was repeated on a second and third day to assess acquisition of passive coping-like behavior as the mouse became familiar with the task. By scoring the last 4 min of the first day's trial, we confirmed prior observations that the Trip8b À/À mice spend significantly less time immobile than Trip8b +/+ counterparts on the 'classic' FST ( Figure S3 ). In addition, Trip8b À/À mice continued to spend less time immobile compared with Trip8b +/+ controls across all three full rFST trials ( Figure S3 ). Both groups spent significantly more time immobile on Trial 3 compared with Trial 1, indicating that while Trip8b À/À mice showed a propensity towards more active coping, they were still able to adapt to their environment via acquisition of passive coping in later trials. An average score of the full time spent immobile in each of the three trials was z-score normalized into a 'rFST Index', which further confirmed that Trip8b À/À mice showed a decreased propensity for passive coping in the rFST (Fig. 1f) . The behavior on these three coping assays can be altered by a number of environmental stimuli and can also be influenced by mental processes other than coping style, thus introducing high variability (Guilloux et al. 2011) . To better understand Trip8b À/À mice's coping style overall, we combined the three indices from the RIT, SPBT, and rFST to create an ACI that was equally influenced by all three À/À mice display more active coping on the Shock Probe Burying Test (t 22 = 2.914, p < 0.01, n subjects = 13, 11), (e) repeated forced swim test (rFST) (t 25 = 3.256, p < 0.01, n subjects = 14, 13), and (f) Resident Intruder Test (t 24 = 2.819, p < 0.01, n subjects = 14, 12). (g) Trip8b À/À mice display greater overall active coping on the ACI (t 25 = 5.604, p < 0.0001, n subjects = 14, 13). *p < 0.05.
tests. As predicted, Trip8b
À/À mice demonstrated higher scores on the ACI than their Trip8b +/+ counterparts (Fig. 1g) . Importantly, Trip8b À/À mice show similar locomotor and anxiety-like activity behavior compared with Trip8b +/+ mice ( Figure S4 ), and our previous publications have also demonstrated that neither group shows differences in memory (Lewis et al. 2011; Han et al. 2017) . Thus, global HCN channel reduction through Trip8b À/À leads specifically to increased active coping.
TRIP8b(1b-2) over-expression reduces HCN channels in CA1
Previous studies have shown that the antidepressant-like behavior seen in HCN-KO mice depends on down-regulation of I h specifically in the CA1 region Kim et al. 2017) . Therefore, we developed a novel genetic approach (Fig. 2a) to target neurons using over-expression of TRIP8b-(1b-2), a dominant negative TRIP8b spliceform (Lewis et al. 2009; Piskorowski et al. 2011) . In addition, we inserted an IRES-GFP after the dominant negative TRIP8b(1b-2) spliceform to track infected cells. We refer to this approach as AAV-(1b-2) and used a negative control vector without the TRIP8b-(1b-2) spliceform, termed AAV-GFP, for comparison. Using unilateral AAV-GFP and AAV-(1b-2) injections into CA1 of wild-type C57BL/6J mice, we were able to investigate how our genetic approach impacted HCN channel expression and distribution. As expected, we found that Voltage shown is scaled to ΔV max to facilitate comparison of sag ratio among conditions. AAV-(1b-2) injected cells show reduced sag ratios compared with AAV-GFP (t 14 = 14.9, p < 0.001, n cells = 8, 8), and (f and g) reduced I h current density (t 13 = À12.0, p < 0.001, n cells = 8, 7), and (h) increased excitability (Repeated Measures ANOVA; genotype x stimulus interaction F 3,42 = 8.44, p < 0.001, n cells = 8, 7). SO: stratum oriens, SP: stratum pyramidale, SR: stratum radiatum, SLM: stratum lacunosum moleculare.
HCN1, HCN2, and endogenous TRIP8b was reduced significantly in CA1 of AAV-(1b-2) compared with AAV-GFP injected hemispheres via western blot (Fig. 3) and immunohistochemistry ( Fig. 2b and c) . In addition, injection of AAV-(1b-2) but not AAV-GFP depleted HCN channel expression in the distal dendrites of CA1 pyramidal cells, which has previously been shown to influence antidepressant-like behavior ).
In addition, we performed somatic whole cell recordings with acutely sliced AAV-GFP and AAV-(1b-2) injected CA1 pyramidal cells. Similar to our protein analysis, we observed a large reduction in the sag ratio ( Fig. 2d and e) and I h amplitude ( Fig. 2f and g ) in AAV-(1b-2) injected cells compared with AAV-GFP injected controls. Similar to previous manipulations that reduce I h in this cell type (Lewis et al. 2011; Kim et al. 2012) , we confirmed an increase in the excitability of AAV-(1b-2) injected cells compared with AAV-GFP injected controls (Fig. 2h) . Overall, these results suggest that AAV-(1b-2) mediated reduction in HCN channels leads to increased CA1 excitability.
Next, we performed electron microscopy (EM) of serial sections from AAV-GFP and AAV-(1b-2) injected animals to evaluate the subcellular localization of HCN channels in CA1 pyramidal cells (Fig. 4) . Similar to HCN1 localization in wildtype animals, HCN1 immunoreactivity in AAV-GFP injected CA1 was strongest along the dendritic trunks, especially within the stratum lacunosum moleculare. Consistent with our biochemical findings, the density of HCN1 particles in the stratum lacunosum moleculare was markedly reduced in AAV-(1b-2) injected hippocampi. Qualitatively, we noticed an increase in HCN1 immunoreactivity within lysosomes in AAV-(1b-2) injected CA1, although the observation of lysosomes were a rare event and precluded exact quantification of the total number of HCN1 channels in lysosomes. However, the absence of endogenous TRIP8b causes lysosome-mediated degradation of HCN channels (Lewis et al. 2011) , and in vitro work has similarly shown that TRIP8b(1b-2) removes HCN channels from the cell surface (Santoro et al. 2004) . This subcellular anatomy together with biochemical evidence of decreased protein levels suggests that expression of the TRIP8b(1b-2) spliceform promotes endocytosis of HCN channels from the plasma membrane and redistribution to lysosomes for degradation.
AAV-(1b-2) in the CA1 leads to an increase in active coping As our AAV-(1b-2) genetic approach reduces I h in the CA1, we next sought to determine whether this manipulation leads to increased active coping, similar to global Trip8b À/À . We bilaterally injected AAV-GFP or AAV-(1b-2) into C57BL/6J mice, waited 4 weeks to ensure maximal protein expression in infected neurons, and then assayed these mice on our ACI behavioral battery (Fig. 5a) . Although AAV-(1b-2) mice exhibited no differences in aggressiveness in the RIT, AAV-(1b-2) mice showed increased active coping and less passive coping in both trials of the SPBT and less passive coping in the rFST (Fig. 5b, c, d ; Figures S6-8 and Tables S3 and S4) . Combining all three behavioral tests into the ACI demonstrated that AAV-(1b-2) mice showed a more robust active coping response compared with AAV-GFP controls (Fig. 5e) . As with the Trip8b À/À mice, no differences in locomotor, anxiety-like, or memory-related behaviors were noted between AAV-(1b-2) and AAV-GFP injected mice ( Figure S8 ). Overall, these results demonstrate that reduction in HCN channels in CA1 pyramidal cells leads to an increase in excitability and active coping (Fig. 5f) .
Discussion
In the current report, we demonstrate that loss of HCN channel expression in CA1 leads to an increase in active coping behavior. Our work adds to growing literature establishing that loss of HCN1, HCN2, or TRIP8b in the CA1 area of the hippocampus promotes antidepressant-like Quantification of the results reveal reduction in HCN1 (AAV-GFP:100 AE 2.7%, AAV-(1b-2: 59 AE 6.7%,n subjects = 9,12, t 19 =4.93, p < 0.01), HCN2 (AAV-GFP:100 AE 12.3%, AAV-(1b-2: 69 AE 5.7%, n subjects = 8,11, t 17 =2.45, p < 0.05), and total TRIP8b (AAV-GFP:100 AE 9.5%, AAV-(1b-2: 65 AE 8.5%, n subjects = 10,12, t 20 =2.76, p < 0.05) in the AAV-(1b-2) injected mice compared with the AAV-GFP controls. *p < 0.05.
behavior (Lewis et al. 2011; Kim et al. 2012 Kim et al. , 2017 Han et al. 2017) . Furthermore, selective loss of HCN1 in CA1 is able to protect rats from developing these behaviors after chronic mild stress (Kim et al. 2012 (Kim et al. , 2017 . As such, both HCN and TRIP8b are potential targets for new antidepressant treatments, although it may ultimately be the case that manipulating either of these molecular targets has broader effects in promoting active coping behavior .
Evidence for active coping in Trip8b À/À mice While the role of HCN channels in CA1 has been described in terms of chronic stress, we wondered how HCN channels may influence coping responses to acute stressors. We nearby. (e) Electron micrographs of serial sections (1, 2, 3, 4) through a spiny dendrite in the stratum lacunosum-moleculare. Despite a dramatic HCN1 decrease in the distal dendrites and the majority of HCN1 immunoreactivity localized to endosomes (green arrows) near lysosomes (purple arrows), occasional cell membrane-bound HCN1 was noted (blue arrows). Higher magnification images reveal orderly queuing near the lysosome (green arrowheads). Scale bars = 500 nm. (f) Quantification of HCN1 particle density in the stratum lacunosum moleculare. AAV-GFP 4.85 AE 0.87 particles/lm 2 dendrite, AAV-(1b-2) 2.49 AE 0.26, *p < 0.05 two tailed t test, n subjects = 2, n dendrites = 22,23. *p < 0.05.
demonstrated that Trip8b À/À mice, which show a profound reduction in I h (Lewis et al. 2011) , preferentially engage in active coping with presentation of acutely stressful situations, as seen in the first day of the 2w-AA (Fig. 1) . The 2w-AA is a direct task of active coping, where choosing this style of coping over freezing leads to the adaptive response of avoiding a shock. However, this task is unimodal and favors one style of coping. Therefore, we expanded our description of Trip8b À/À mice's coping style to more complex tasks. The SPBT is a neutral task in terms of coping, as either avoidant freezing (passive) or burying (active) are equally adaptive responses to the stressor. The persistent preference for active coping and decreased passive coping in this task demonstrates that Trip8b À/À mice do not simply learn to actively cope more quickly but instead choose this strategy given equal options. In contrast, the rFST is a task that favors passive coping, as immobility leads to floating and preservation of energy (de Kloet and Molendijk 2016) . Trip8b
mice display decreased passive coping in this task, again demonstrating that their preference for active coping is not simply a matter of more quickly adapting to a situation, which would have been reflected in more immobility time than wild-type controls on the subsequent days of the rFST. Finally, the RIT assessed coping style in a more speciesspecific assay. Once again, Trip8b À/À mice showed a preference for active coping evidenced by increased aggression without showing signs of pathologically violent aggression. These findings support the assertion that Trip8b À/À mice prefer active coping when challenged with an acute stressor. TRIP8b facilitates HCN channel expression and proper localization in many brain regions, therefore examining Trip8b À/À mice precluded us from ruling out developmental sequelae and the effects from loss of TRIP8b in other brain regions. To circumvent these issues, we employed a viral strategy to over-express a dominant negative TRIP8b isoform, TRIP8b(1b-2), that led to robust down-regulation of HCN channels (Fig. 2) . While the majority of TRIP8b isoforms up-regulate HCN channels and increase surface trafficking, TRIP8b(1b-2) is unique in its ability to reduce HCN expression in vitro (Lewis et al. 2009 ) by removing HCN channels from the cell surface (Santoro et al. 2004) . Interestingly, corresponding in vivo experiments using a GFP-TRIP8b-(1b-2) fusion protein have not produced identical results (Santoro et al. 2009 ). Unlike in heterologous expression systems, viral expression of GFP-TRIP8b-(1b-2) only influenced trafficking of newly synthesized HCN channel subunits, raising the possibility that HCN subunits stably associated with TRIP8b are not amenable to disruption by a dominant negative isoform (Santoro et al. 2009 ). In the current report, we observed a contrasting result, namely that over-expression of TRIP8b(1b-2) readily associates with HCN and leads to internalization of the channels. Although there are several possible explanations for the discrepancy When an individual encounters acute psychosocial stress, they cope passively or actively. Those with Active Coping styles tend to be more resistant to developing most neuropsychiatric disorders and tend to do better with treatment than those who employ Passive Coping styles. Reduction of HCN channels and HCN channel current (I h ) specifically in CA1 facilitates Active Coping strategies.
between our current results and that of Santoro and colleagues (i.e. synapsin vs. CaMKII promoter, AAV vs. lentivirus), it is most likely related to the reduced efficacy of the GFP-tagged construct in the prior report. Importantly, our experiments with AAV-(1b-2) confirmed our hypothesis that loss of HCN channels in CA1 leads to more active coping (Fig. 5) and highlighted the importance of this region for regulating coping style. We observed that expression of AAV-(1b-2) in pyramidal neurons led to an increase reduction in excitability, and based on prior reports examining the function of HCN channels, we reason that this change in excitability is directly related to the effect of HCN channels on membrane resistance (Lewis et al. 2009; Piskorowski et al. 2011) . Our use of a synapsin promoter led to expression of AAV-(1b-2) in interneurons as well, although we argue that this has a minor effect (if any) on our results for the following reasons. In our prior report, we noted that HCN1 channels are expressed in presynaptic inhibitory terminals of CA1 in a TRIP8b-independent manner . In the present report, use of the AAV-(1b-2) construct did not alter the expression of presynaptic HCN1 channels synapsing onto the CA1 cell body layer (see the stratum pyramidale in Fig. 2) . Moreover, we noted identical results in terms of active coping when comparing the Trip8b +/+ and Trip8b À/À mice, where inhibitory neuron HCN channels are intact, and comparing AAV-GFP and AAV-(1b-2), where there may have been an undetected effect on presynaptic HCN1. Therefore, if the AAV-(1b-2) construct had an effect on inhibitory HCN1 channels, it is below the threshold for detection by immunohistochemistry and is unlikely to have influenced the active coping phenotype. Beyond changing the excitability of CA1 pyramidal neurons, it may also be the case that manipulating HCN channels ultimately leads to a change in hippocampal circuit parameters (Yi et al. 2016 ). Although we cannot exclude this possibility, we reason that the discussion above reinforces the importance of postsynaptic changes in HCN channel expression as fundamental to the mechanism linking changes in HCN channel expression to changes in the behavioral phenotype that we observed. While the most likely mechanism whereby AAV-(1b-2) led to increased active coping involves increased excitability of CA1 pyramidal cells through I h reduction, there are a few alternatives that should be considered. First, while I h has independently been shown to influence subcellular excitability in pyramidal cells, it is unclear if such changes in HCN channels influence the expression of other ion channels, which may contribute to the excitability in different subcellular locations along the neuron. In addition, while CA1 excitability was clearly affected by our AAV-(1b-2) approach, it is possible that other cell types within CA1 were affected. Finally, though AAV-(1b-2) increased CA1 excitability, we were unable to predict how other brain regions that are in network with CA1, such as the Lateral Septum, might be affected, raising the possibility that the changes in CA1 excitability indirectly affected coping behavior through broader network changes. Future experiments investigating these alternative mechanisms would be helpful in determining how HCN channels in CA1 pyramidal cells influence coping behavior.
Interpreting HCN Channels' role in psychiatric disease Previous studies have linked HCN channel activity in CA1 to depression-like behavior, and our current study expands on this by identifying HCN as a regulator of the coping response to acute psychosocial stressors. While active coping has been linked to better outcomes for patients with MDD (Southwick et al. 2005; Bjørkløf et al. 2013; Cairns et al. 2014) , it has also been reported to benefit many other psychiatric diseases, including Bipolar Disorder (Goossens et al. 2008) , Schizophrenia (Meyer 2001) , Substance Abuse and Alcoholism (Moser and Annis 1996; Humphreys et al. 1999) , and Post-Traumatic Stress Disorder (PSTD) (Contractor et al. 2016) . It is notable that active coping has also been shown to benefit patients with non-psychiatric disorders, including chronic illness (Stewart and Yuen 2011) , HIV (Gore-felton and Koopman 2008), diabetes (Huang et al. 2016) , post-stroke recovery (Tielemans et al. 2014) , and cardiovascular disease (Chiavarino et al. 2012) . By identifying HCN channel function in CA1 as a determinant of coping strategy, we reason that it could impact the course of disease in many chronic illnesses.
As increasing emphasis has been put on understanding neuropsychiatric disease susceptibility and resilience, researchers have established electrophysiological, genetic, and epigenetic phenotypes that predispose rodents to being susceptible or resilient to developing certain maladaptive behaviors that are similar to human neuropsychiatric diseases (anhedonia, fear-extinction deficits, decreased social interactions, etc.) (Russo et al. 2012) . Though multiple molecular mechanisms have been identified as determinants of whether these disease-like behaviors manifest in rodents after stress, few have associated protective or maladaptive behavioral responses with this progression to disease-like phenotypes, and it could be argued that opposing adaptation styles are beneficial in distinct contexts (de Boer et al. 2017) . Two studies, however, have demonstrated evidence that similar associations between active coping in rodents may be similar to humans: First, rats that displayed more defensive aggressive postures and had longer latencies to submissive postures during social defeat had fewer deficits in social interaction and less pathological neuroendocrine responses to stress (Wood et al. 2010) . Second, rat strains that have shown multiple differences in behavior on assays specific to coping style showed marked differences in social interaction behavior as adults when undergoing social defeat as adolescents. In particular, the strain with more active coping showed fewer deficits in social interaction with both a dominant male and female compared to the strain with passive coping (Vidal et al. 2011) . Although few in number, these studies begin to demonstrate that rodents also engage in stress-mitigating behaviors that lead to protection against developing maladaptive behaviors, similar to humans. This study adds further support to this evidence, tying promotion of active coping strategies in this study to the resistance to depression-like behavior after chronic stress found in other studies Kim et al. 2017) .
In light of the broad clinical utility of increasing active coping, if mechanisms that influence coping behavior in mice are shared by humans, HCN channels may be a novel therapeutic target to benefit patients with a multitude of diseases in which active coping has been found to be beneficial. CA060553) as well as Northwestern University's Behavioral Phenotyping Core. The authors declare no conflict of interest.
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